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Background: Roquin regulates inflammation in autoimmune disease.
Results: Roquin overexpression promoted the induction of collagen-induced arthritis (CIA).
Conclusion: Enforced Roquin expression was produced in mice and used to demonstrate the importance of inflammation and
CIA development in experimental arthritis.
Significance: Roquin overexpression may induce inflammation in some autoimmune diseases.

To investigate the role of Roquin, a RING-type ubiquitin
ligase family member, we used transgenic mice with enforced
Roquin expression in T cells, with collagen-induced arthritis
(CIA). Wild-type (WT) and Roquin transgenic (Tg) mice were
immunized with bovine type II collagen (CII). Arthritis severity
was evaluated by clinical score; histopathologic CIA severity;
proinflammatory and anti-inflammatory cytokine levels; anti-
CII antibody levels; and populations of Th1, Th2, germinal cen-
ter B cells, and follicular helper T cells in CIA. T cell prolifera-
tion in vitro and cytokine levels were determined to assess the
response toCII. RoquinTgmicedevelopedmore severeCIAand
joint destruction compared with WT mice. Production of
TNF-�, IFN-�, IL-6, and pathogenic anti-collagen CII-specific
IgG and IgG2a antibodies was increased in Roquin Tg mice. In
addition, in vitro T cell assays showed increased proliferation
and proinflammatory cytokine production in response to CII as
a result of enforced Roquin expression in T cells. Furthermore,
the Th1/Th2 balance was altered by an increased Th1 and
decreased Th2 population. These findings suggest that overex-
pressionofRoquin exacerbates thedevelopment ofCIAand that
enforced expression of Roquin in T cells may promote autoim-
mune diseases such as CIA.

Rheumatoid arthritis (RA)4 is a severe inflammatory disease
with autoimmune features and an intricate genetic element. RA

is characterized by synovial hyperplasia, chronic inflammation,
and infiltration of lymphocytes; it is driven by diverse cellular
and humoral autoimmune responses and results in the destruc-
tion of cartilage and bone (1, 2). Autoimmune arthritis is
induced in the collagen-induced arthritis (CIA) mouse model
via immunization with an emulsion of complete Freund’s adju-
vant and type II collagen (CII) (3). Considerable data implicate
CII-reactive CD4� cells as the primary mediators of disease
induction and autoantibody production by B cells as a major
immune mechanism leading to a localized chronic inflamma-
tory response (4–6). The CIAmodel has been used extensively
to explain various mechanisms related to human RA and to
identity potential targets for therapy. Therefore, we used the
CIAmodel to study gene function in autoimmune diseases such
as RA.
T cell activation and differentiation are regulated not only by

T cell receptor recognition of the antigen-major histocompat-
ibility complex (MHC) but also by interactions between many
co-stimulatorymolecules (7). Although the interactions among
various immune cells are complex, optimal responses are
induced by controlled and coordinated expression of T cell co-
stimulatory receptors. CD28, the first co-stimulatory molecule
to be identified and arguably the most important in naive T cell
activation, binds to B7.1 (CD80) and B7.2 (CD86), which are
expressed on the surface of professional antigen-presenting
cells. CD28 co-stimulation enhances T cell proliferation, cyto-
kine production, and survival (8–10). Studies using T cells
derived from CD28-deficient mice demonstrated its role in T
cell activation (11). Consistent with this, CD28 knock-out mice
with theDBA/1 background are resistant toCIA (12). Inducible
T cell co-stimulator (ICOS), anothermember of the CD28 fam-
ily, is not expressed by naive T helper (Th) cells but is induced
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after T cell activation (13, 14). Recently, several groups have
constructed and analyzed ICOS-deficient mice (15–17). T cells
derived from ICOS-deficient mice exhibit reduced prolifera-
tion and IL-2 production, indicating a role for ICOS in T cell
activation (15, 17), and are resistant to CIA (7).
Roquin was recently identified as a RING-type ubiquitin

ligase familymember. RoquinmRNA is ubiquitously expressed,
and Roquin protein has been predicted to be intracellular.
Roquin contains an N-terminal RING-1 zinc finger at residues
14–53 based on consensus sequences with the E3 ubiquitin
ligase family. The C terminus of the RING finger is a highly
conserved novel protein domain known as ROQ, and a zinc
finger domain of the CCCH type that conforms precisely to the
RNA-binding zinc finger occurs in the center of Roquin. The C
terminus of the CCCH domain is a proline-rich region repre-
senting potential sites for binding the Src homology 3 (SH3)
domains of interacting proteins (19, 20).
Notably, one report identified a novel repressor of ICOS,

Roquin, which is the defective gene in sanroque mice (20). san/
san mice have a point mutation in Roquin and are highly sus-
ceptible to autoimmunity. CD4� T cells from san/san mice
express higher levels of ICOS than do those of wild-type (WT)
controls. Particularly striking are the accumulation of follicular
helper T (Tfh) cells and the increased size of germinal centers.
However, in our previous study, Roquin overexpression
induced up-regulation of CD28 expression as well as down-
regulation of ICOS during T cell activation by anti-CD3/CD28.
Secretion of IL-2 and proinflammatory cytokines was increased
by enforced expression of Roquin inT cell activation (21). Thus,
decreased ICOS expression may repress Th cell function and
prevent pathogenic immune responses. However, conflicting
data on the role of ICOS in allograft survival have been
reported, and ICOS blockade can exacerbate or reduce experi-
mental autoimmune encephalomyelitis severity depending
upon the treatment approach (15, 22). Moreover, increased
CD28may regulateT cell activation and lead to an autoimmune
response.
To our knowledge, there are no reports regarding the func-

tion of Roquin in RA in the literature. Therefore, we used
Roquin-overexpressing mice to investigate the role of Roquin
in the CIA mouse as a model of autoimmune disease. The
results indicate that Roquin overexpression promoted the
induction of CIA even when reinforced immunization proto-
cols were applied. Immune cell populations, including Th cells,
Tfh cells, and germinal center B cells, were unaffected by
Roquin overexpression in non-immunized mice. However,
Th1/Th2 balance was affected by Roquin overexpression in the
CIA model. Therefore, these findings have important implica-
tions for our understanding of the role of Roquin in T cells in
autoimmune diseases such as RA.

EXPERIMENTAL PROCEDURES

Mice—Roquin transgenic mice were generated as described
previously (21). Six generations of Roquin transgenicmicewere
backcrossed onto the DBA/1 background. All mice used in
these experiments were 8–12 weeks old. All animals were
raised and kept under specific pathogen-free conditions.

Induction of Collagen-induced Arthritis—Arthritis was
induced and scored inmaleWT andRoquin transgenicmice by
immunization with bovine CII (Chondrex). Bovine CII was dis-
solved in cold 0.01 M acetic acid at 2.5mg/ml.Micewere immu-
nized by intradermal injection with 100 �g of CII emulsified in
complete Freund’s adjuvant. On day 21, the mice received a
booster immunization with the same amount of CII in incom-
plete Freund’s adjuvant into the left footpad. The incidence and
severity of arthritis were evaluated by visual inspection of the
paws. Each limb, except the hind foot that received the booster
immunization, was assessed on a 0–4-point scale. The severity
of arthritis in mice was scored in individual mice in a double
blind manner with each paw assigned a separate clinical score
as follows: 0, no evidence of erythema or swelling; 1, erythema
and mild swelling confined to the ankle joint and toes; 2, ery-
thema and mild swelling extending from the ankle to the mid-
foot; 3, erythema and severe swelling extending from the ankle
to the metatarsal joints; and 4, ankle deformity with joint
swelling.
Histological Analysis—On day 45, the mice were killed for

histological analysis. Three paws and ankles, with the exception
of the hind foot that received the booster immunization, were
fixed with 4% paraformaldehyde for 2 days, decalcified in 30%
citrate-buffered formic acid at 4 °C, dehydrated in a graded
series of ethanol and xylene, and embedded in paraffin. Thin
sections (3 �m) were stained with hematoxylin and eosin. His-
tological changes such as degree of synovial hyperplasia,
inflammation, and pannus formation in the joints were scored
on a scale from 0 to 3 as follows: 0, absent; 1, weak; 2, moderate;
and 3, severe. The maximum possible score per mouse was 9.
Western Blot Analysis—Spleens were prepared using lysis

buffer (20 mM Tris-HCl (pH 8.0), 200 mM NaCl, 0.25% Triton
X-100, 10 �g/ml aprotinin, 1 �g/ml pepstatin, 10 �g/ml leu-
peptin, and 2 �M phenylmethylsulfonyl fluoride), and the
resulting lysates were cleared by centrifugation. The protein
concentrations of the clarified supernatants were determined
using a Bradford protein assay (Bio-Rad) with bovine serum
albumin as a standard. Whole tissue lysates were fractionated
by Tris-glycine-buffered 10% sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE) and transferred to
nitrocellulose membranes followed by incubation with an anti-
body to HA (Roche Applied Science) and �-actin (Santa Cruz
Biotechnology) overnight at 4 °C. After washing, membranes
were incubated with horseradish peroxidase-conjugated sec-
ondary antibody for 2 h at room temperature. Immunoreactiv-
ity was determined using an enhanced chemiluminescence
detection system (GE Healthcare). Antibodies against phos-
pho-AKT (Ser-473), AKT, phospho-ERK (Thr-202/Tyr-204),
ERK, phospho-JNK (Thr-183/Tyr-185), JNK, phospho-I�B�
(Ser-32/36), and I�B� were obtained from Cell Signaling
Technology.
Flow Cytometric Analysis—Single cell suspensions were pre-

pared from the lymph nodes and spleens of mice and treated
with red blood cell lysing solution (0.15 M NH4Cl and 0.1 mM

Na2EDTA) for 5 min at 4 °C to eliminate erythrocytes. CD4� T
cells were positively isolated using anti-CD4 monoclonal anti-
body-coupled magnetic cell-sorting microbeads (Miltenyi Bio-
tech) to more than 95% purity (as analyzed by flow cytometric
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staining with anti-CD4 and anti-CD8 antibodies). Cells were
stained with fluorochrome-conjugated anti-mouse Tbet-
PerCP Cy5.5, GATA3-AF647, CD44-FITC, CD44-PE, CD44-
APC, CD4-PerCP, CXCR5-FITC, PD-1-PE, B220-PerCP,
GL-7-FITC, CD95-PE, ICOS-PE, and CD28-PE antibodies and
analyzed on a FACScan using CellQuest software (BD
Biosciences).
Lymphocyte Proliferation and Cytokine Analysis—Spleen

and draining lymph node cells were cultured at 2� 106 cells/ml
for up to 96 h in RPMI 1640 medium (Invitrogen) supple-
mented with 10% heat-inactivated fetal calf serum (Invitrogen),
2 mM L-glutamine, 10 mMHEPES (pH 7.4), 1 mM sodium pyru-
vate, 50 units/ml penicillin, and 50 mg/ml streptomycin in a
humidified 5% CO2 atmosphere. Cells were stimulated with
graded concentrations of CII. Cell proliferation was quantified
using a DNA bromodeoxyuridine (BrdU) incorporation assay
(Roche Applied Science). The amount of incorporated BrdU is
a measure of the rate of DNA synthesis and thus indirectly of
cell proliferation. The cell proliferation kit was used according
to the manufacturer’s instructions. Supernatants from parallel
triplicate cultures were stored at �70 °C until estimation of
cytokine content by enzyme-linked immunosorbent assay
(ELISA).
Measurement of Anti-CII Antibodies—Serum was collected

on days 20 (diluted 1:5000) and 45 (diluted 1:20,000), and anti-
type II collagen antibody levels (total IgG, IgG1, and IgG2a)
were measured using ELISA kits purchased from Chondrex.
CytokineAssays—Total interferon-� (IFN-�), tumor necrosis

factor-� (TNF-�), interleukin-2 (IL-2), IL-6, IL-4, IL-10, and

IL-17 levels in supernatants were determined using a commer-
cially available ELISA kit (R&D Systems) according to theman-
ufacturer’s recommendations. The IL-21 levels were deter-
mined using a commercial ELISA kit (Biolegend).
Statistical Analysis—The results are expressed as the

mean � S.E. of at least three independent experiments. The
significance of differences between groups was calculated using
a two-tailed Student’s t test. Differences with a p value of less
than 0.05 were considered statistically significant.

RESULTS

Generation of Roquin Transgenic Mice and Modulation of
Co-stimulatory Expression in CD4� T Cells in Naive Mice—To
generate transgenic mouse lines that expressed high levels of
Roquin specifically in T cells, mouse Roquin cDNA was
inserted into a vector containing a human CD2 transgene cas-
sette (21). To confirm the expression of the transgene,Western
blotting was used to monitor production of the Roquin-HA
fusion protein in the spleens of Roquin-overexpressing
transgenic (Tg) mice (Fig. 1A). Co-stimulatory receptor
expression was assessed by FACS analysis. CD4�/CD28� or
CD4�/ICOS� T cell populations from the spleen were iso-
lated using a CD4� T cell isolation kit. Our data show
decreased ICOS expression in the CD4� T cells of the
Roquin Tg mice compared withWTmice. This result is sim-
ilar to that of a previous study, which demonstrated that
Roquin represses ICOS expression (23) but has no effect on
CD28 expression in CD4� T cells (Fig. 1B).

FIGURE 1. Generation of Roquin-overexpressing transgenic mice and detection of cell populations in WT and Tg mice. A, Western immunoblot analysis
using HA antibody to detect Roquin expression in transgenic mice. B, the populations of ICOS- and CD28-positive cells among CD4� T cells from naive DBA/1
and Roquin Tg mice were examined by flow cytometry. Mean fluorescence intensity (MFI) values were measured and compared with those of WT mice. Error
bars indicate mean � S.E. of triplicates. *, p � 0.05. C, representative flow cytometric graphical analysis of Tbet�CD44highCD4�, GATA3�CD44highCD4�,
B220�GL-7�CD95�, and PD-1highCXCR5�CD4� cells in WT and Roquin transgenic mice. Black bars, wild-type (WT) mice; gray bars, Roquin Tg mice. Data are
representative of two independent experiments (n � 4 per group). p values are indicated on the graphs.

Effects of Roquin Overexpression on CIA

DECEMBER 7, 2012 • VOLUME 287 • NUMBER 50 JOURNAL OF BIOLOGICAL CHEMISTRY 42271



No Effect on the Number of Lymphocytes in the Spleens of
Naive Mice—To evaluate the lymphocyte population in naive
mice, we analyzed the lymphocyte subsets in the spleen.
The percentages of Tbet�CD44highCD4� T (Th1) and
GATA3�CD44highCD4� T (Th2) cells were not altered in the
Roquin Tg mice compared with theWTmice (p � 0.33 and p �
0.10, respectively). Similarly, the percentages of B220�GL-
7�CD95� (germinal center B) and PD-1highCXCR5�CD4�

(Tfh) cells were not altered in the Roquin Tg mice (Fig. 1C).
These results demonstrate that T cells and germinal center B
cells developed normally in the spleens of the Roquin Tg mice.
CIA Promotion and Severity in Roquin Tg Mice—To assess

whether T cell-specific Roquin expression affects the develop-
ment of arthritis, we examined experimental CIA in Roquin Tg
and WT mice. The clinical arthritis score was significantly
higher in theRoquinTgmice than in theWTmice, and arthritis
arose earlier in the Roquin Tg mice relative to the WT mice
(Fig. 2A). In the chronic state (i.e. after 60 days), the clinical
scores of the Roquin Tg andWTmice were similar. Moreover,
histological analyses of joints obtained 45 days after immuniza-
tion revealed that joint inflammation and destruction were sig-
nificantly accelerated in the RoquinTgmice comparedwith the

WT mice (Fig. 2B). Histology scores for the degree of pannus
formation, synovial hyperplasia, and inflammation were higher
in the Roquin Tgmice than in theWTmice on day 45 (Fig. 2C).
These results indicate that enforced expression of Roquin in T
cells promoted inflammation and the development of CIA.
Induction of Proinflammatory Cytokine Production and Sig-

naling Modulation in Roquin Tg Mice—Because enforced
Roquin expression in T cells promoted the development of
CIA, we examined whether Roquin regulates the secretion of
inflammatory cytokines. We isolated serum from mice at 20
and 45 days after immunization and then assessed the levels of
various cytokines by ELISAs. In a previous study, CD28-in-
duced IL-2 secretion was increased by Roquin overexpression
in vitro (21). To confirm whether IL-2 secretion is increased in
autoimmunity as it is in vivo, we performed an ELISA on serum
collected from CIAmice at 20 and 45 days after immunization.
IL-2 secretion was significantly increased in the Roquin Tg
mice compared with the WT mice (p � 0.05) (Fig. 3A). At 20
days after immunization, the secretion of TNF-�, IL-6, and
IL-17 was significantly elevated in Roquin Tg mice compared
with WT mice. However, the levels of IFN-�, IL-10, and IL-21
were unchanged. At 45 days after immunization, the levels of

FIGURE 2. Enforced Roquin expression in T cells exacerbates CIA development as assessed by clinical score and histology. A, WT (n � 30) and Roquin Tg
(n � 30) mice were immunized (day 0) and given a booster immunization (day 21) with CII. The clinical severity of arthritis in each paw, except the hind foot that
received the booster immunization, was scored using a semiquantitative scoring system (0 – 4 scale; maximum total score, 12 per animal). Solid symbols, WT;
open symbols, Roquin Tg mice. Error bars indicate mean � S.E. of all immunized mice of each genotype. *, p � 0.05; **, p � 0.01; ***, p � 0.001. B, histological
examination of the joints from WT and Roquin Tg mice. Mice were killed on day 45 after primary immunization. All paws and ankles, except the hind foot that
received the booster immunization, were harvested from each mouse and stained with hematoxylin and eosin. Scale bars, 200 (upper panel) and 100 �m
(middle and lower panels). C, mean histology scores for the degree of pannus formation, synovial hyperplasia, and inflammation in WT and Roquin Tg mice on
day 45. Black bars, WT mice; gray bars, Roquin Tg mice. Error bars indicate mean � S.E. of all immunized mice of each genotype (n � 6). *, p � 0.05.
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TNF-�, IFN-�, IL-6, and IL-17 were significantly increased in
the Roquin Tg mice compared with WT mice. However, the
levels of IL-10 and IL-21 were unchanged (Fig. 3, B and C).
Moreover, downstream signals of CD28, which regulates IL-2
transcription, were detected in the spleens of CIA mice at 45
days after immunization. Phosphorylation of AKT, JNK, and
I�B�, but not ERK, was significantly increased in Roquin Tg
mice compared with WT mice (Fig. 4). These results indicate
that enforced expression of Roquin in T cells increased the pro-
duction of proinflammatory cytokines and that activation of
AKT, JNK, and NF-�B, all downstream of signals CD28,
induced IL-2 secretion in Roquin Tg mice.

Alteration of CII-specific IgG Production in Roquin Tg Mice—
Because CII-specific IgG levels correlated well with the devel-
opment of arthritis, we examined CII-specific IgG production
in Roquin Tg mice. Serum was isolated from each mouse at 20
and 45 days after immunization. CII-specific total IgG levels
measured by ELISA were significantly higher in Roquin Tg
mice than in WT mice. At 20 and 45 days after immunization,
CII-specific IgG2a, which is associated with Th1 class switch-
ing, was higher in Roquin Tgmice, but CII-specific IgG1, which
is associated with Th2 class switching, was lower in Roquin Tg
mice compared with WTmice (Fig. 5). Thus, enforced expres-
sion of Roquin in T cells caused increased production and dif-
ferential regulation of CII-specific IgG by B cells.
Increased Immune Response in the Spleen and Draining

Lymph Nodes—We examined whether Roquin alters the
immune response to CII. Spleen and draining lymph node cells
were obtained from each group of mice at 20 and 45 days after
CII immunization, and their ability to produce IFN-�, TNF-�,
IL-6, IL-10, and IL-17 or to proliferate in response to CII dose-
dependently was investigated. After in vitro antigenic stimula-
tion with CII, proliferation of spleen and draining lymph node
cells was higher in Roquin Tg mice than in WTmice at 20 and
45 days after immunization in a dose-dependent manner (Fig.
6A). Moreover, the secretion of IFN-�, TNF-�, IL-6, and IL-17
was higher in cells from the Roquin Tgmice than in those from
WT mice, whereas IL-10 secretion was lower in cells from the
Roquin Tg mice than in those fromWTmice in a dose-depen-
dent manner (Fig. 6B). These data show that enforced expres-
sion of Roquin in T cells increased their proliferation and cyto-
kine production in vitro.
Altered Number of Lymphocytes in the Spleens of CIA Mice

after Immunization—To evaluate the CD4�/CD28� or CD4�/
ICOS� T cell populations, we isolated T cells from the spleens
of mice with CIA using a CD4� T cell isolation kit. Expression
of ICOS in CD4� T cells was lower in Roquin Tg mice than in
WT mice, but CD28 expression in CD4� T cells was higher in
RoquinTgmice than inWTmice (Fig. 7A). Also, to evaluate the
population of lymphocytes in Roquin Tg mice with CIA after
immunization, we analyzed lymphocyte subsets in the spleen.
The proportion of Tbet�CD44highCD4� T (Th1) cells was ele-
vated in Roquin Tg mice compared with WT mice. However,
that of GATA3�CD44highCD4� T (Th2) cells decreased in
Roquin Tg mice compared with WT mice (Fig. 7B). Also, the
proportion of B220�GL-7�CD95� (germinal center B) cells
was higher in Roquin Tg mice, but that of PD-
1highCXCR5�CD4� (Tfh) cells was unaffected (Fig. 7C). These
results indicate that enforced expressionofRoquin in theTcells of
mice with CIA altered lymphocyte proportions and their expres-
sion of co-stimulatory molecules after immunization.

DISCUSSION

Previous studies of Roquin in autoimmunity suggested that
its main role was suppression of autoimmune disease via ICOS
down-regulation (23). However, our data suggest that enforced
expression of Roquin in T cells accelerates induction of CIA.
Germ-line Roquin-deficient mice are perinatally lethal, so

tissue-specific ablation of Roquin in T cells, B cells, and hema-
topoietic cells does not cause autoimmunity (24). For gain of

FIGURE 3. Increased proinflammatory cytokine production by Roquin in
CIA mice. A, secretion of IL-2 was detected by ELISA on days 20 and 45 in
serum from Roquin Tg and WT mice after immunization. Error bars indicate
mean � S.E. of all immunized mice of each genotype (n � 6). *, p � 0.05. B and
C, serum cytokine concentrations in WT and Roquin Tg mice. Sera were
obtained from mice on days 20 and 45, and the levels of IFN-�, TNF-�, IL-6,
IL-10, IL-17, and IL-21 were measured by ELISA. Black bars, WT mice; gray bars,
Roquin Tg mice. Error bars indicate mean � S.E. of all immunized mice of each
genotype (n � 6). *, p � 0.05.

Effects of Roquin Overexpression on CIA

DECEMBER 7, 2012 • VOLUME 287 • NUMBER 50 JOURNAL OF BIOLOGICAL CHEMISTRY 42273



function via Roquin overexpression, we established Roquin Tg
mice. We performed FACS analysis to determine the composi-
tion of the immune cell population. The Th1, Th2, germinal
center B, and Tfh cell populations were unaffected under nor-
mal, non-immunized conditions. Although ICOS expression
was down-regulated in the Roquin Tgmice, immune cell devel-
opment was unaffected. Roquin Tg mice may not exhibit an
immune defect because ICOS, another member of the CD28
family, is not expressed by naive T cells (13, 14).
Our data show that enforced expression of Roquin in T cells

down-regulated ICOS and up-regulated CD28 expression in
arthritis. Also, CD28 up-regulation and ICOS down-regulation
were modulated by enforced expression of Roquin in EL-4 cells
by anti-CD3/CD28 activation in our previous in vitro study
(21). Both CD28 and ICOS are capable of stimulating the devel-
opment of Th cells (25). However, ICOS is expressed only on T
cells following activation, whereas CD28 is constitutively
expressed. CD28-stimulated cells, but not ICOS-stimulated T
cells, produce IL-2 (26). Thus, CD28 is important in the early
stages of T cell activation, whereas ICOS has a major role in its
maintenance. Also, ICOS provides a stimulatory co-signal to
activated T cells rather than to naive T cells. Ablation of CD28
in mice induces resistance to CIA (12). Targeted deletion of
ICOSor ICOS ligand inmice altered the number of Th cells and
reduced disease activity in the CIA model of arthritis (7). Our
results suggest that Roquin increases the development of
arthritis, further suggesting thatCD28up-regulation byRoquin

may have a greater effect than ICOS down-regulation in the
initiation of T cell activation.
T cells stimulated by TNF-�, IFN-�, and IL-17 become Th1

and Th17 helper cells, whereas those stimulated by IL-4 and
IL-10 develop into Th2 helper cells (27, 28). TNF-�, IFN-�, and
IL-6 are proinflammatory cytokines produced byT cells and are
involved in diverse biological processes such as finalmaturation
of B cells into plasma cells andT cell activation. These cytokines
seem to be of pivotal importance in arthritis (29–31). Our
results show that serum TNF-�, IFN-�, IL-6, and IL-17 levels
were higher in RoquinTgmice after immunization. In contrast,
levels of IL-10, an anti-inflammatory cytokine (32), were lower
in the serumof Roquin Tgmice after immunization. Therefore,
these data suggest that Roquin Tg mice exhibit exacerbated
development of CIA compared with WT mice.
CIA is a well known model of Th1-mediated autoimmune

disease (33). This study demonstrated a novel role of Roquin
function in the initiation and development of arthritis through
its influence on Th1/Th2 differentiation and balance. CD4� T
cells are classified into two major types: Th1 cells are primarily
associated with cellular immunity and class switching to IgG2a,
whereas Th2 cells are involved mainly in humoral immunity
and class switching to IgG1 (34, 35). In the CIA model, immu-
nization with CII generates a spectrum of antibodies with reac-
tivities similar to those in human RA (4). Also, passive transfer
of serum from CII-immunized animals or purified anti-CII
antibodies can cause arthritis in syngeneic recipients (18, 36,

FIGURE 4. Modulation of CD28 signaling by Roquin overexpression in mice. Downstream signals of CD28 were evaluated by Western blot analysis on day
45 in spleen lysates from Roquin Tg and WT mice after immunization. The right panel shows data from the left panel that was graphed using ImageJ software.
Error bars indicate mean � S.E. of triplicates and are representative of three independent experiments. *, p � 0.05.

FIGURE 5. Relative concentrations of CII-specific antibodies are altered in Roquin Tg mouse serum in collagen-induced arthritis. Total IgG, IgG2a, and
IgG1 anti-type II collagen antibody levels in sera from WT and Roquin Tg mice were determined on days 20 (diluted 1:5000) and 45 (diluted 1:20,000). Black bars,
WT mice; gray bars, Roquin Tg mice. Error bars indicate mean � S.E. of all immunized mice of each genotype (n � 6) and are expressed as the mean A450. *, p �
0.05; **, p � 0.01; ***, p � 0.001.
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37). Therefore, the production of IgG antibodies by Th1/Th2
cells plays a critical role in arthritis. Our data indicate increased
IgG2a and decreased IgG1 levels in the serum of the Roquin Tg
mice after CII immunization; thus, alterations in the levels of
IgG2a and IgG1 may effectively alter the Th1/Th2 balance.
Our data demonstrate that Roquin may enhance Th1 devel-

opment, and enforced expression of Roquin in T cells may
result in an elevated Th1-type response after immunization. Th
cell differentiation, a crucial step in the immune response, is the

result of complex cellular and molecular regulation. Recent
years have seen progress in understanding the transcriptional
mechanisms of Th lineage commitment and effector cytokine
expression. However, how these T cell-intrinsic mechanisms
are regulated by environmental stimuli such as co-stimulation
by antigen-presenting cells needs further definition. In the
future, downstream signals of co-stimulatory receptors will be
elucidated and likely found to operate via Roquin-regulated
mechanisms. Thus, Roquin may be another “double-edged

FIGURE 6. Cell proliferation and cytokine production are increased by CII treatment. A, spleen and draining lymph node cells were harvested on days 20
and 45 and cultured with graded CII concentrations for 96 h. The degree of cell proliferation was evaluated by a BrdU ELISA method after 96 h. Error bars indicate
mean � S.E. of triplicates and are representative of three independent experiments. *, p � 0.05. B, cytokine concentrations in culture supernatant were
determined by ELISA after 72 h. Solid symbols, wild-type controls; open symbols, Roquin transgenic mice. Error bars represent the mean � S.E. of triplicates and
are representative of three independent experiments. *, p � 0.05.
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sword” for the immune system that canbe turned fromarequire-
ment of autoreactivity to a regulator of Th1/Th2 differentiation
and balance. In conclusion, elevated expression of Roquin in T
cells may promote autoimmune diseases such as CIA.
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